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Correlated polarons in dissimilar perovskite manganites
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We report x-ray scattering studies of broad peaks located at~0.5 0 0!/~0 0.5 0!-type wave vectors in the
paramagnetic insulating phases of La0.7Ca0.3MnO3 and Pr0.7Ca0.3MnO3. We interpret the scattering in terms of
correlated polarons and measure isotropic correlation lengths of 1-2 lattice constants in both samples. Remark-
ably, the size of these correlated polarons remains constant over the entire temperature range investigated. In
La0.7Ca0.3MnO3, this range extends up to;400 K, at which temperature the peaks are observed to disappear.
Based on the wavevector, the correlated polarons are found to be consistent with a CE-type structure. Differ-
ences in behavior between the samples arise as they are cooled through their respective transition temperatures
and become ferromagnetic metallic (La0.7Ca0.3MnO3) or charge and orbitally ordered insulating
(Pr0.7Ca0.3MnO3!. Since the primary difference between the two samples is the trivalent cation size, these
results illustrate the robust nature of the correlated polarons to variations in the relative strength of the
electron-phonon coupling, in contrast to the sensitivity of the low-temperature ground state to such variations.

DOI: 10.1103/PhysRevB.64.174405 PACS number~s!: 75.30.Vn, 71.38.2k, 78.70.Ck
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The wide variety of ground state phases exhibited by
perovskite manganites~R12xMxMnO3 where R and M are
trivalent rare-earth and divalent alkaline cations, resp
tively! originates in the interplay of the charge, orbital, la
tice, and spin degrees of freedom. A related manifestatio
this interplay is the colossal magnetoresistance~CMR!
effect,1 a phenomenon that has caused a resurgence of i
est in the perovskite manganites due to its potential for te
nological applications. Recent work has focused on the
of the electron-phonon interaction, which has been use
supplement the double exchange interaction,2 and is believed
to be a necessary ingredient for modeling the tempera
dependence of the magnetic and transport behavior of C
materials.3,4

In CMR materials, strong electron-phonon coupling
sults in the formation of localized charge carriers w
associated lattice distortions—or polarons—in the pa
magnetic insulating phase. Early evidence of polaro
was obtained from transport measurements,5,6 from which a
high-temperature–small-polaron and low-temperature–la
polaron phenomenology was hypothesized. Studies using
cal probes7,8 supported this view of the high-temperatur
polaronic behavior, and more recently, interest has tur
to consideration of polaron-polaron interactions in th
temperature regime. One theoretical model, proposed
Alexandrov and Bratkovsky,9 involves paired polarons, o
bipolarons. In this model, strong electron-phonon coupling
high temperatures binds polarons into immobile pairs in
singlet state, with two holes localized on a single oxyg
ion. Then, as the temperature is reduced towardTc , the
ferromagnetic exchange coupling increases in strength
0163-1829/2001/64~17!/174405~6!/$20.00 64 1744
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the bipolarons are broken apart, leaving single polar
in the ferromagnetic metallic phase. Evidence consist
with bipolarons—based on transport measurements
polycrystalline La5/8Ca3/8MnO3 ~Ref. 10! and films of
La0.75Ca0.25MnO3 and Nd0.7Sr0.3MnO3 ~Ref. 11!—has re-
cently been reported, but additional data using more dir
techniques are clearly desirable.

X-ray and neutron scattering experiments can make
important contribution to studies of polarons since they
directly sensitive to both the polarons and their correlatio
Recently, these techniques were applied to the perovs
manganite (Nd0.125Sm0.875!0.52Sr0.48MnO3 ~Ref. 12! and the
layered manganite La1.2Sr1.8Mn2O7.

13 In both materials, dif-
fuse scattering around the Bragg peaks and well-reso
peaks at incommensurate wavevectors were observed in
high-temperature phases, and both types of scattering w
found to disappear as the samples were cooled throughTc .
The two scattering components were attributed to the p
ence of polarons—the diffuse scattering from single polar
and the resolved peaks from polaron correlations—imply
that both polarons and polaron correlations were absen
the ferromagnetic metallic phases. Very recently, neut
scattering studies of the La12xCaxMnO3 system14,15 have re-
ported similar results. However, in this case as well as
electron microdiffraction experiments,16 the correlations
were observed at a commensurate wave vector of~0.5 0 0!
and ~0 0.5 0!, in orthorhombic notation.

As discussed above, the important parameter control
the polaron behavior in CMR materials is the electro
phonon coupling. What is missing in the work reported
date is a systematic study of the polarons as a function of
©2001 The American Physical Society05-1



te
o

er
n
n

e
th
ys

-
es
r-
ll

or
g
re
he

e
m

o
ro

s
ro
a
o
p

ra

n-
tant
ex-
re

the
be
he
on
ing
In

the
in
ity
ain

s at
at-

at

ure
or

rder
ere

e

at
th
not
as

ag-
ten-
f

se
re-

-
of

y

tud-

K
at
pe
the
e

a
n

C. S. NELSONet al. PHYSICAL REVIEW B 64 174405
relative strength of this coupling. In this paper, we take a s
in this direction by reporting x-ray scattering studies of tw
identically doped perovskite manganites, which have diff
ent trivalent cations. To first order, such substitution does
affect the charge, orbital, or spin degrees of freedom but o
alters the lattice degree of freedom, due to the differenc
trivalent cation size. One result of this is a change in
relative strength of the electron-phonon coupling. The s
tems chosen for this study are La12xCaxMnO3 and
Pr12xCaxMnO3, each with a doping ofx50.3.

La0.7Ca0.3MnO3 and Pr0.7Ca0.3MnO3 are both paramag
netic insulators at room temperature. Upon cooling, th
two materials go through transitions into completely diffe
ent low-temperature phases—a ferromagnetic meta
phase17 and an antiferromagnetic, charge and orbitally
dered, insulating phase,18,19 respectively. The contrastin
transport behavior is illustrated by the resistivity measu
ments displayed in Fig. 1. The origin of the difference in t
low-temperature phases is believed to be the;3% decrease
in cation radius from La to Pr. The smaller Pr ions produc
larger distortion of the Mn-O-Mn bond angles away fro
180° @156.4° for Pr versus;160.7° for La~Ref. 20!# result-
ing in a smaller bandwidth and elastic modulus. Both
these effects increase the relative strength of the elect
phonon coupling.21,3,22

Here, we report x-ray scattering studies of the polaron
the paramagnetic insulating phases of these dissimilar pe
skite manganites. We find that the high-temperature beh
iors are insensitive to the variation in the relative strength
the electron-phonon coupling between the two samples. S
cifically, in both samples, we observe broad, commensu

FIG. 1. Resistivity as a function of reduced temperaturet[(T
2Tr/co )/Tr/co in La0.7Ca0.3MnO3 ~solid! and Pr0.7Ca0.3MnO3

~dashed!. Note that the Pr0.7Ca0.3MnO3 data were obtained using
two-point probe measurement of the resistance, and include a
timated scale factor for the conversion to resistivity.
17440
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peaks with similar correlation lengths of 1–2 lattice co
stants. The correlation lengths are observed to be cons
over the entire temperature range investigated, which
tends up to;400 K—the temperature at which the peaks a
observed to disappear—in La0.7Ca0.3MnO3. We interpret the
peaks in terms of correlated polarons, and based on
wavevector and correlation length, find their structure to
consistent with that of a CE-type orbital order domain. T
difference in the relative strength of the electron-phon
coupling in the two samples is only manifested upon cool
through the respective transition temperatures.
La0.7Ca0.3MnO3, the broad peak decreases in intensity as
sample becomes ferromagnetic metallic, while
Pr0.7Ca0.3MnO3, the peak narrows and increases in intens
as the sample enters a CE-type orbitally ordered dom
state.

The La0.7Ca0.3MnO3 and Pr0.7Ca0.3MnO3 single crystals
used in this study were grown by floating zone technique
Bell Laboratories and JRCAT, respectively. The x-ray sc
tering measurements were carried out on beamline X22C
the National Synchrotron Light Source~NSLS! and beamline
9ID at the Advanced Photon Source. The low-temperat
work was performed using a closed-cycle refrigerator. F
the high-temperature measurements of La0.7Ca0.3MnO3, the
sample was placed in a furnace in an air atmosphere in o
to prevent the possible loss of oxygen. Both samples w
determined to be fully twinned, with~110!/~002!-oriented
surface normals~in orthorhombic,Pbnmnotation! and mo-
saic widths of;0.2° ~FWHM!. For simplicity, all reflections
discussed here are referenced using the~110! surface normal
direction.

We begin with the La0.7Ca0.3MnO3 sample. Just above th
metal-insulator transition temperature of;252 K(Tr), broad
peaks with ordering wave vectors of~0.5 0 0! and ~0 0.5 0!
and peak intensities of;20 counts/s were observed~with an
incident photon energy of 6.535 keV on beamline X22C
the NSLS!. Note that twinning of the sample and the wid
of the peaks make it impossible to determine whether or
there is a unique ordering wavevector. As the sample w
cooled through the transition temperature into the ferrom
netic metallic phase, the peaks abruptly decreased in in
sity @see inset to Fig. 2~a!#. Two temperature snapshots o
this behavior at 260 and 220 K are shown in Fig. 2.

Reciprocal space mesh scans around the~220! and ~440!
Bragg peaks were carried out at 260 and 220 K. Diffu
scattering consistent with the neutron scattering work
ported by Dai et al.14 and Adamset al.15 was observed
around the~440! Bragg peak, with a similar change in inten
sity and shape. We attribute the apparent absence
temperature-dependent diffuse scattering around the~220!
Bragg peak to the (Q•d)2 variation in the scattering intensit
from a lattice distortion, in the limit of small displacementd.

The temperature dependence of the broad peak was s
ied using reciprocal space scans alongH and K, between
temperatures of 220 and 400 K. Data from 220 to 300
were collected at~1.5 2 0!, and above room temperature,
~4 4.5 0!. Fitting the data to a Lorentzian-squared line sha
provides information about the correlation lengths along
orthorhombica andb directions. The correlation lengths ar

es-
5-2
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CORRELATED POLARONS IN DISSIMILAR . . . PHYSICAL REVIEW B 64 174405
FIG. 2. H ~a! andK ~b! reciprocal space scans through~1.5 2 0!
in La0.7Ca0.3MnO3. Data were measured at temperatures of 260
~open! and 220 K~closed!, and were fit with a Lorentzian-square
line shape~line!. The peaks at~1.67 2 0! and~1.5 2.13 0! arise from
powder lines that are believed to be associated with the co
sample holder, and were excluded from the fits. Inset of~a! shows
temperature dependence of scattering intensity at~1.5 2 0! ~open!
and ~1.3 2 0! ~closed!.
17440
defined asja[a/2pDH and jb[b/2pDK, wherea and b
are the lattice constants andDH andDK are the half-width-
at-half-maximum~HWHM! values of the diffuse peaks alon
H and K, respectively. BetweenTr5252 and 400 K, the
correlation lengths of the diffuse peak were observed to
independent of temperature, with a magnitude of 1–2 lat
constants. The peak intensity was observed to decrease
increasing temperature, and to reach the limits of detecta
ity at ;400 K. Transverse scans, performed between 220
300 K, demonstrated that the correlations are isotropic.

Turning now to Pr0.7Ca0.3MnO3, thex50.3 doping in this
system lies near the phase boundary between the CE-
charge and orbitally ordered, antiferromagnetic, insulat
phase (Tco'220 K,TN'150 K) and a ferromagnetic insula
ing phase (Tc'140 K).19 Because of the close proximity t
different low-temperature phases—coupled with recent
ports of phase separation at this doping23,24—we first carried
out measurements at low temperatures~;100 K! with a
high-resolution Ge~111! analyzer in order to characterize th
low-temperature behavior. Three ordered phases assoc
with at least two different crystallographic phases were
served. Two of these ordered phases are consistent w
CE-type charge and orbital order structure—with~100!/~010!
and~0.5 0 0!/~0 0.5 0! wave vectors, respectively—while th
third exhibited only a~100!/~010! ordering wave vector. The
distinct nature of the three phases was determined via m
surements of their respective temperature dependences
two CE-type phases were found to have ordering transiti
at 130 and 200 K, respectively, while ordering in the th
phase persisted up to 300 K. For the purposes of this pa
we focus on the CE-type phase with the higher transit
temperature in what follows, since its behavior is consist

FIG. 3. Temperature dependence of the scattering at~H 2 0!,
shown with Lorentzian-squared fits~solid!, in Pr0.7Ca0.3MnO3. For
clarity, each data set and fit is shifted upward by 125 s21 with
respect to the next higher temperature data set and fit.
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C. S. NELSONet al. PHYSICAL REVIEW B 64 174405
with previous studies of Pr0.7Ca0.3MnO3.
19A complete analy-

sis of the phase separation in Pr0.7Ca0.3MnO3 will be pre-
sented in a future paper.25

The ~1.5 2 0! orbital order peak was measured wh
warming the sample up to the ordering temperature of;200
K. At low temperatures, the peak width was measured us
a Ge~111! analyzer, and a correlation length of 170620 Å
was determined. As the sample temperature was incre
through the ordering temperature, the~1.5 2 0! intensity
decreased dramatically, as shown in Fig. 3. The peak
also observed to broaden rapidly, reaching a value co
sponding to a correlation length of 1–2 lattice constants
high temperatures.

To quantitatively compare the two samples, both d
sets were analyzed by fitting to a double Lorentzian-squa
line shape.26 This procedure enabled the diffuse~0.5 0 0!/
~0 0.5 0!-type peaks to be separated out from the tails
the nearby Bragg peak. The results of these fits are sum
rized in Figs. 4 and 5, showing the normalized peak int
sity and the HWHM, respectively, versus reduced te
perature. In each case, the reduced temperaturet is de-
fined as (T2Tr/co )/Tr/co , whereTr/co is the metal-insulator
(La0.7Ca0.3MnO3) or charge and orbital orde
(Pr0.7Ca0.3MnO3) transition temperature.

With regard to both intensities and correlation lengths,
scattering due to correlated polarons in the two samples
hibits strikingly similar behavior above the respective tran
tion temperatures. That is, the intensities decrease grad
with increasing temperature, and the correlation lengths

FIG. 4. Peak intensity of the~0.5 0 0!/~0 0.5 0!-type scattering—
normalized to the ~2 2 0! Bragg peak intensity at 220 K
(La0.7Ca0.3MnO3) and 100 K (Pr0.7Ca0.3MnO3)—as a function of
reduced temperaturet[(T2Tr/co )/Tr/co, in La0.7Ca0.3MnO3

~open! and Pr0.7Ca0.3MnO3 ~closed!. The data for T>300 K
of La0.7Ca0.3MnO3 were scaled to match the low-temperature d
at 300 K.
17440
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main on the order of 1–2 lattice constants up to the high
temperatures studied. The dependence of the scattered i
sity on incident photon energy at the~1.5 2 0! peak was also
found to be similar in the two samples. Specifically, the
tensity exhibited a sharp drop near the MnK edge, consisten
with normal charge scattering, and indicating that the sc
tering at thisQ is primarily due to lattice distortions in both
samples.

In the paramagnetic insulating phases of both samples
magnitude of the wave vector and the size and stability of
correlation lengths suggest an additional conclusion—t
the correlations arise from the presence of composite obje
We label these objects ‘‘CE-type bipolarons,’’ based on
proposed structure that is displayed in Fig. 6. The structur

a

FIG. 5. The fitted half-widths of the~0.5 0 0!/~0 0.5 0!-type
scattering as a function of reduced temperaturet[(T
2Tr/co )/Tr/co, in La0.7Ca0.3MnO3 ~open! and Pr0.7Ca0.3MnO3

~closed!.

FIG. 6. Schematic diagram of the structure of a CE-type bi
laron, in thea-b plane. Open circles represent Mn41 ions; elongated
figure-eights represent the occupiedeg (3dz22r 2) orbital of Mn31

ions; closed circles represent Mn ions that, on average, have
formal valence and no net orbital order; and arrows indicate
in-plane component of the magnetic moment.
5-4
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CORRELATED POLARONS IN DISSIMILAR . . . PHYSICAL REVIEW B 64 174405
that of an orbital order domain in the CE-type phase, a
consists of neighboring orthorhombic unit cells along t
@110# direction, with two Mn41 ions—hence bipolarons—
situated between orbitally ordered Mn31 ions. This CE-
type bipolaron can also be viewed as a ferromagnetic
zag, which is consistent with the observation of ferroma
netic fluctuations in Pr12xCaxMnO3 for the nearby doping
range ofx.0.35– 0.5,27 and with the absence of antiferro
magnetic correlations in La0.7Ca0.3MnO3.

15 We note that the
presence of such ferromagnetic zigzags was recently
posed based on transport measurements of polycrysta
La5/8Ca3/8MnO3.

10 Another perspective would be to view th
correlations as small islands of an insulating phas
consistent with the phase separation picture of Mo
et al.28—although such a picture does not naturally expl
either the size of the regions or the fact that it remains c
stant until the correlations disappear at high temperatu
We also note that our results are inconsistent with the th
retical, bipolaron model described earlier,9 in that two holes
on the same ion would result in a much shorter correlat
length than the measured value of 1–2 lattice constants
addition, a competing structure that has recently b
proposed29,30—the orbital polaron, in which a Mn41 ion is
surrounded by six Mn31 ions with their occupiedeg
(3dz22r 2) orbitals pointing toward the central Mn41 ion—is
inconsistent with the wave vector reported here. To sum
rize, the proposed CE-type bipolaron structure is consis
with known experimental results, but it is not unique a
alternative structures could also be constructed. In the fut
experiments that explore the stability of these regions
other perturbations—such as doping or applied field—will
required to determine which, if any, of the pictures is t
most appropriate.

The difference in the relative strength of the electro
phonon coupling for the two samples is manifested only
low temperatures, below the respective transition temp
tures. As the La0.7Ca0.3MnO3 sample is cooled through th
metal-insulator transition, the~1.5 2 0! intensity decrease
with no change in the correlation length. This is consist
with the CE-type bipolaron picture described above,
which localization of correlated charge carriers is destro
as the sample becomes conducting. It is also broadly c
sistent with a phase separation picture,28 in which charge
inhomogeneous and ferromagnetic metallic phases c
pete above the transition temperature. In contrast,
Pr0.7Ca0.3MnO3, the ~1.5 2 0! intensity grows and the width
decreases as the sample goes through the charge and o
order transition temperature. A plausible scenario for
transition in this case is that the number of CE-type bip
larons increases until they begin to coalesce, eventu
forming orbitally ordered domains. This increase in the nu
ber of CE-type bipolarons could perhaps be driven by cha
order fluctuations, consistent with the phenomenology
17440
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ported for thex50.4 and 0.5 dopings in this system.31,32The
observation of low-temperature, resolution-limited, char
order peaks using the high-resolution Ge~111! analyzer at the
~030! peak—in marked contrast to the short-range orde
orbital peaks—lends support to this scenario.

In conclusion, we have studied two CMR materials th
differ only with respect to their trivalent cation species.
comparison of the high- and low-temperature behaviors
derscores the importance of the electron-phonon couplin
such materials. In the high-temperature, paramagne
insulating phases, the behaviors of the polarons are fo
to be remarkably similar. That is, as the temperature is
duced toward the transition temperature, a slight increas
the number of correlated polarons is observed at the s
~0.5 0 0!/~0 0.5 0!-type ordering wavevectors, and each wi
similar correlation lengths of 1–2 lattice constants in the t
materials. This correlation length remains constant as lon
the correlations persist—up to;400 K in La0.7Ca0.3MnO3.
The correlated polarons are consistent with a CE-type st
ture, and the similar behaviors in the two samples sugg
that these correlated polarons are robust with respec
variations in the relative strength of the electron-phon
coupling.

The similarity in the behavior of the two samples brea
down upon cooling through their respective transition te
peratures, as the small difference in the size of the triva
cations—reflected in the relative strength of the electr
phonon coupling—becomes important. Below their tran
tion temperatures, La0.7Ca0.3MnO3 becomes a ferromagneti
metal and Pr0.7Ca0.3MnO3 becomes a charge and orbital
ordered insulator. In La0.7Ca0.3MnO3, the collapse of the cor-
related polarons can be attributed to the onset of ferrom
netic ordering, at which the energy gain associated with
ferromagnetic state overcomes the localization of the pair
charge carriers caused by the electron-phonon coupling
Pr0.7Ca0.3MnO3, which has the stronger electron-phono
coupling, cooling through the transition temperature resu
instead in an ordering of the correlated polarons. The driv
mechanism for this ordering is as yet unknown, but cha
ordering is a candidate and will be the subject of future
periments.

The work at Brookhaven, both in the Physics Departm
and at the NSLS, was supported by the U.S. Departmen
Energy, Division of Materials Science, under Contract N
DE-AC02-98CH10886, and at Princeton University by t
National Science Foundation under Grant No. DM
9701191. Work at the CMC beamlines is supported, in p
by the Office of Basic Energy Sciences of the U.S. Depa
ment of Energy and by the National Science Foundati
Division of Materials Research. Use of the Advanced Pho
Source was supported by the Office of Basic Energy S
ences of the U.S. Department of Energy under Contract
W-31-109-Eng-38.
5-5



-
ys

P

er

H.
e

ra

W
.

r,

.

e

J

.

ure

J.
nd

P.

tt.

. B

H.

B.

y of

a,

nce

B

.
v.

e,
n,

ys.

C. S. NELSONet al. PHYSICAL REVIEW B 64 174405
1For a review, seeColossal Magnetoresistive Oxides, edited by Y.
Tokura ~Gordon & Breach, London, 1999!.

2C. Zener, Phys. Rev.82, 403 ~1951!; P. W. Anderson and H.
Hasegawa,ibid. 100, 675~1955!; P. G. deGennes,ibid. 118, 141
~1960!.
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